Abstract Although motor imagery is an entirely cognitive process, it shows remarkable similarity to overt movement in behavioral and physiological studies. In concordance, brain imaging studies reported shared frontoparietal sensorimotor networks commonly engaged by both tasks. However, differences in prefrontal and parietal regions point toward additional cognitive mechanisms in the context of imagery. Within the perspective of a general dichotomization into dorsal and ventral processing streams in the brain, the question arises whether motor imagery and overt movement could differentially involve the dorsal or ventral system. Therefore, we combined fMRI and DTI data of 20 healthy subjects to analyze the anatomical characteristics of connecting fronto-parietal association pathways of imagined and overt movements. We found a dichotomy of fiber pathways into dorsal and ventral systems: the superior longitudinal fascicle (SLF II-III) was found to connect frontal and parietal regions involved in both overt and imagined movements, whereas a ventral tract via the extreme/external capsule (EmC/EC) connects cortical regions specific for motor imagery that were situated more anteriorly and posteriorly. We suppose that motor imagery-related kinesthetic emulations are embedded into dorsal sensorimotor networks, and imagery-specific cognitive functions are implemented in the ventral system. These findings have implications for models of motor cognition.
Introduction
In the current view, the cortical motor system involves frontal and parietal brain regions connected by fibers of the arcuate and superior longitudinal fascicle (AF, SLF), supporting the dynamic integration of sensory information for movement planning and control (Rizzolatti and Luppino 2001) via multiple dorsal streams (Rizzolatti and Matelli 2003) . Brain imaging studies (Decety et al. 1994; Stephan et al. 1995; Gerardin et al. 2000; Hanakawa et al. 2003 Hanakawa et al. , 2008 consistently demonstrate that the same sensorymotor networks are also activated by kinesthetic motor imagery (MI), a prototype form of cognitive motor processing based on internal simulation of actions (Jeannerod 2001; Grush 2004) . Physiological and neuropsychological studies further substantiate a close resemblance between MI and overt motor execution (ME) (Decety and Michel 1989; Decety et al. 1991 Decety et al. , 1993 Decety et al. , 1996 Crammond 1997) . Accordingly, concepts of MI emphasize neural similarities with ME. Theories of embodiment claim a close relation between motor and cognitive functions: cognition per se might be embedded within the motor system, sharing simulative and anticipatory processes with overt motor behavior (Jeannerod 2001; Hesslow 2002; Wolpert et al. 2003; Grush 2004; Pezzulo and Castelfranchi 2009; Moulton and Kosslyn 2009) .
However, observations in brain-lesioned patients suggest an anatomical segregation of cognitive and productive motor processing: damage to left prefrontal or posterior parietal cortices may induce selective impairments of higher-order motor functions like imagery or result in disturbances of conceptual actions, but preserve basic motor functions (Goldenberg et al. 2007 ; Daprati and Sirigu 2006) . Conversely, damage to primary motor structures may spare motor imagery abilities (Sirigu et al. 1996) ; thus, plegic patients may succeed in motor judgment tasks based on implicit motor imagery (Johnson 2000; Johnson et al. 2002; Johnson-Frey 2004; Sirigu et al. 2004) and in performing MI (Hotz-Boendermaker et al. 2008) .
Indeed, most functional brain imaging studies show an anterior-posterior extension toward additional prefrontal and posterior parietal regions during MI as compared to ME (Decety et al. 1994; Stephan et al. 1995; Gerardin et al. 2000; Hanakawa et al. 2003 Hanakawa et al. , 2008 . These prefrontal areas are known to connect toward posterior areas primarily along ventral fibers via the extreme capsule and not through dorsal AF/SLF pathways Kuypers 1969, Petrides and Pandya 1984; Schmahmann and Pandya 2006, Anwander et al. 2007; Frey et al. 2008) . The dichotomization into ventral and dorsal processing streams in the visual system (Ungerleider and Mishkin 1982; Milner and Goodale 1996) has recently been extended to the domains of language and spatial attention Umarova et al. 2010 ). Consequently, a functionally and anatomically segregated domain general architecture of dorsal and ventral white matter tracks in the brain, connecting post-and prerolandic cortices, has been proposed (Weiller et al. 2011) .
We therefore asked whether such a pathway dichotomy also exists in the motor system. We hypothesize that motor execution and imagery share the dorsal stream, while imagery further involves cognitive mechanisms that require the ventral stream. A segregated large-scale pathway architecture for interaction of cognitive and sensorimotor systems might be relevant for neuroanatomical models of higher-order motor cognitive functions and disorders.
To investigate this question, we analyzed the anatomical network structure of association fiber pathways that connects postrolandic and prerolandic cortical network nodes active during MI and ME. Our study consisted of two experimental parts: first, we disentangled shared and distinct network components of both motor imagery and active performance of an intransitive, simple wrist movement using fMRI. In the second experiment, we analyzed the anatomical course of fronto-parietal association tracts within these subnetworks. For this purpose, peak voxel coordinates of frontal and parietal activation clusters from the fMRI experiment were used to define seed regions for a pairwise DTI-based probabilistic fiber-tracking experiment . This approach allows the visualization of the most probable fronto-parietal fiber pathway architecture for both network subcomponents and therefore addresses the question of how cognitive and sensorimotor processes are implemented into large-scale brain networks during motor imagery.
Materials and methods

Subjects
A total of 23 healthy right-handed subjects (13 male, 10 female; age, 23-62 years; mean, 31 years) without neurological or psychiatric history gave written consent according to the Declaration of Helsinki. Approval of the local ethics committee was obtained. Kinesthetic motor imagery was tested until subjects feel comfortable with the task, and motor imagery ability was self-rated on an arbitrary score from 1 to 10. One subject was excluded due to poor motor imagery capabilities (score \6). Two subjects were excluded post hoc due to technical scanner artifacts. fMRI experiment: motor tasks Two tasks were employed. Subjects performed active flexion/extension of the right wrist with a starting angle of 0°(neutral position), a total amplitude of 40°(±20°) and a frequency of 1 Hz. For the MI condition, subjects trained to maintain the same movement parameters during MI prior to scanning, while visual imagery and counting should be avoided. Due to the implicit nature of MI, frequency and amplitude of movement were not externally controlled during the MI condition. Means to control for MI performance, as employed by others (Hanakawa et al. 2003) , were not implemented to avoid confounding effects in prefrontal target regions. Subjects kept eyes closed during scanning. Rest condition: Subjects were instructed to relax mentally and physically with eyes closed. Experimental design: Block design with 20 blocks of 30-s duration (10 blocks task alternating with 10 blocks rest) for both conditions, resulting in 20-min scan time. The beginning and end of each action block were triggered using a verbal start-stop command via MRI-compatible headphones. Data acquisition: Functional and structural MRI scans were obtained using a 3T TIM-TRIO system (Siemens, Erlangen, Germany) with a standard head coil. A total of 100 scans with 48 axial slices per session, covering the whole brain, were acquired using a gradient echo-planar (EPI) T2*-sensitive sequence [TR = 3,000 ms, TE = 30 ms, flip angle = 90°, matrix = 64 9 64 pixel 2 , voxel size 3 9 3 9 3 mm 3 ). Three additional volumes scanned prior to each session were automatically discarded to allow for T1 equilibration effects. During reconstruction, scans were corrected for motion and distortion artifacts based on a reference measurement (Zaitsev et al. 2006) . Furthermore, a high-resolution T1 anatomical scan was obtained (160 slices, voxel size = 1 9 1 9 1 mm 3 , TR = 2.2 s, TE = 2.6 ms, FOV = 160 9 240 9 240 mm 3 ) for spatial processing of fMRI and DTI data. Data Analysis: Imaging data were analyzed using Statistical Parametric Mapping [(SPM8; Wellcome Department of Imaging Neuroscience, London (http://www.fil.ion.ucl.ac.uk/spm/)] implemented in Matlab 2007a (Mathworks, Natick, MA, USA). Anatomical assignment of voxel coordinates to cerebral regions was based on the probabilistic cytoarchitectonic atlas of Eickhoff (Eickhoff et al. 2005) as implemented into the Anatomy toolbox of SPM8. Alternatively, the WFUpick atlas (Lancaster et al. 2000; Maldjian et al. 2003 ) also implemented in SPM8 was used when the former approach did not return unequivocal results. Figures were rendered using MRIcroN Version 7 July 2009 (http://www. cabiatl.com/mricro/mricron/index.html).
Preprocessing: On-line motion and distortion-corrected volumes were spatially normalized to the Montreal Neurological Institute (MNI) reference brain using the normalization parameters estimated during segmentation of the coregistered T1 anatomical scan (Ashburner and Friston 2005) . Normalized images were smoothed using an isotropic 8-mm Gaussian kernel to account for intersubject differences. Realignment parameters were estimated from uncorrected volumes and modeled as regressors of no interest to account for movement effects. Statistical analysis: At first level, both conditions were modeled in a single repeated measurement design. Task onsets were convolved with a canonical hemodynamic response function (HRF) as implemented in SPM8. Voxel-wise regression coefficients for both conditions were estimated using least squares. Our research questions were addressed in a second-level analysis treating subjects as a random effect for which the contrast images of the conditions were entered into a flexible factorial design.
Correction for non-sphericity resulting from unequal variances between subjects and conditions was implemented. We then computed the main effects of MI and ME against the rest condition, a conjunction analysis of MI and ME (MI \ ME) as implemented in SPM8, and differential effects between MI and ME (MI [ ME). If not indicated differently, contrast estimates were obtained using a statistical level of p \ 0.05 with correction for multiple comparisons (FWE).
DTI experiment
Data acquisition
The same scanner was used for acquisition of DTI scans. We obtained 70 scans, each containing 69 slices, using a diffusion-sensitive single-shot spin-echo EPI sequence with CSF suppression [61 diffusion encoding gradient directions (b-factor = 1,000 s/mm 2 ), voxel size = 2 9 2 9 2 mm 3 , matrix size = 104 9 104 pixel 2 , TR = 11.8 s, TE = 96 ms, TI = 2.3 s]. Nine scans without diffusion weighing (b-factor = 0 s/mm 2 ) were equally distributed across the scans. Again, scans were corrected for motion and distortion artifacts during reconstruction, based on a reference measurement (Zaitsev et al. 2006) . Data analysis and probabilistic fiber tracking: DTI data were processed and analyzed using an in-house DTI&Fiber Toolbox (Department of Diagnostic Radiology, Medical Physics, Freiburg; http://www.uniklinik-freiburg.de/mr/ live/arbeitsgruppen/diffusion/fibertools_en.html) implemented in Matlab 2007a. First, the effective self-diffusion tensor (DT) was computed (Basser et al. 1994 ) from movement and distortion-corrected dataset. Seed regions for probabilistic fiber tracking were extracted from t-maps derived from fMRI group analysis. For this purpose, peak voxels within frontal and parietal activation clusters were considered as center of activation, resliced, inverse-normalized to the native space of each subjects' DTI data, and enlarged to a sphere with a radius of 4 mm each containing 33 seed voxels. This resulted in 5 frontal and 4 parietal seed regions (MI \ ME) and 8 frontal and 1 parietal seed regions (MI [ ME), respectively (Table 1; Fig. 2 ). To ensure contact of the cortical seed regions with white matter, a rim of gray matter was added to an individual white matter mask, which restricted the tracking area to avoid tracking across anatomical borders. A probabilistic streamline-based algorithm similar to the Probabilistic Index of Connectivity (PICo) method (Parker et al. 2003) was used to calculate the probabilistic maps separately for each seed region. In detail, this algorithm, based on the FACT algorithm (Mori et al. 1999) , propagates from each seed voxel through the tensor field following streamlines. Instead of propagating along the main axis of the DT, the traversed direction is determined by a random experiment obtained from the underlying diffusion distribution. This random experiment was repeated using Monte-Carlo simulations with 10 5 iterations and a maximum trajectory length of 150 voxels. The visiting frequency of a voxel was used to calculate independent probability maps for each seed region, which represent a relative measure of the anatomical connectivity between each visited voxel and the start voxel. To restrain the random experiment toward the main fiber orientation, the DT was sharpened with an exponent of four. Long-range fiber pathways between two seed regions were then computed by combining the respective probability maps using an account developed by the affiliated Department of Medical Physics . The multiplication step takes into account both the frequency of visits from both seeds in a given voxel and the BA Brodmann area, CS central sulcus, CMA cingulate motor area, DLPFC dorsal prefrontal cortex, IFGpt inferior frontal gyrus pars triangularis, IFGpo inferior frontal gyrus pars opercularis, IFJ inferior frontal junction, IPC inferior parietal cortex, IPS intraparietal sulcus, M1 primary motor cortex, MeFG medial frontal gyrus, MFG middle frontal gyrus, PMv ventral premotor cortex, PostCG postcentral gyrus, PreCG precentral gyrus, prePMd rostral dorsal premotor cortex, preSMA rostral supplementary motor area, RCZ rostral cingulate zone, S1 primary somatosensory cortex, RO rolandic operculum, SII secondary sensory cortex, SMA supplementary motor area, SMG supra-marginal gyrus, SPC superior parietal cortex, VLPFC ventral prefrontal cortex Numbering refers to peak voxels used for seed point generation and subsequent probabilistic fiber tracking direction of the random walks. This measure is based on two constraints: (I) Each voxel has to be connected to both seed region A and B; thus, only voxels that are effectively reached from both seeds constitute the connection of interest. (II) Trajectories started in seed region A have to run in opposite direction to those started in B.
In contrast, connections where trajectories have the same directionality (e.g., within a diverging connection to a third region C) are suppressed. This distinction is achieved by preserving the main traversing direction (in relation to the first eigenvector) of each propagated trajectory during the random walk (extended probabilistic tracking, see Kreher et al. 2008 for more details). In the resulting combined maps, values represent a voxel-wise estimation of the probability index that a voxel is part of the connecting fiber bundle of interest (probability index on forming part of the bundle of interest, PIBI). In conjunction, this method (I) enables a sensitive identification of region-to-region connections without a priori knowledge about its course and (II) ensures that only direct anatomical connections between two seed regions are considered. To identify association tracks between predefined network nodes, probability maps from all frontal seeds were permutatively combined with those from all parietal seeds, respectively.
Postprocessing and data analysis
Resulting combined probability maps were rescaled to values between 0 and 1, normalized and smoothed with a Gaussian kernel of 2 mm (FWHM). Group maps for single region-to-region connections were computed by averaging of individual maps. Combined maps consisting of multiple region-to-region connections were computed by applying the mean(X) argument implemented in SPM8 on the corresponding set of probability maps. Due to the multiplication procedure, maps contain a large fraction of near-to-zero values and a minor fraction containing values of interest. By analysis of a large number of different maps from different experiments, we empirically defined a cut-off level of PIBI [0.0146, representing the upper \5% of PIBIs. Three-dimensional volume renderings of pathways were visualized with an in-house application based on the free software OpenDX (http://www.opendx.org).
Results
fMRI experiment
Main effects Figure 1 visualizes the overlap and segregation of main effects related to MI and ME. Table 2 (supplementary material) lists the main effects of MI and ME compared to rest.
Conjunction MI \ ME Figure 2a -c visualizes the shared neural substrate of MI and ME (MI \ ME). Table 1 lists according peak voxel coordinates. MI and ME share activity in lateral and medial premotor, parietal and cerebellar areas, comprising mainly premotor and parietal association cortex and sparing primary sensorimotor areas. Specifically, we found conjoint activity in premotor cortex within bilateral rostral PMd. Bilateral activation of PMv was located at the rostral border to IFGpo (BA44). Note that prefrontal regions (BA 45, BA 9 or BA 46) are not involved in this contrast. The inferior parietal cortex (IPC) and the adjacent intraparietal sulcus (IPS) showed stronger activity on the left side. Activity in secondary sensory cortex (SII) showed similar values on both sides. The anterior and middle parts of the IPS (60 % probability for hIP2 for the anterior part and 30 %/20 % probability for hIP2/hIP1 for the middle part, according to Eickhoff et al. 2005) were selectively contrasted in the left hemisphere. Basal ganglia and cerebellar activity showed high spatial consistency across conditions.
MI [ ME Figure 2d -f shows MI-specific areas from the contrast MI [ ME (see Table 1 ). MI showed stronger neural activity in the left ventral and dorsal lateral prefrontal cortex (PFC), other frontal regions, and the left middle portion of the IPS. In PFC, three main clusters were found: a dorsal cluster corresponding to the middle frontal gyrus in BA46 (dorsolateral PFC = DLPFC), a ventral cluster in the rostral IFGpt in BA45 (ventrolateral PFC = VLPFC) and a cluster in the most ventral and caudal part of IFGpt (40 % probability of BA45, Eickhoff et al. 2005) . DLPFC and VLPFC activation was restricted to the left hemisphere. Caudally, a ventral and dorsal opercular portion of the inferior frontal gyrus (IFG), corresponding to Broca's region, and the inferior frontal junction (IFJ) showed significant activation. Other clusters were situated in left rostral dorsal premotor cortex (prePMd), rostral supplementary motor area (pre-SMA) and the dorsal anterior cingulate cortex (RCZ). In the parietal lobe, MI-specific activity was found in the middle portion of the IPS, with a 40 % probability (20-50 %) for hIP1 (Eickhoff et al. 2005) , which is caudally to the hIP2 portion considered as putative human aIP (Choi et al. 2006) .
DTI experiment
We computed point-to-point fiber pathways by permutatively combining frontal and parietal seed points of interest for the conjunction analysis (MI \ ME) and the differential contrast MI [ ME. We selected 5 frontal (no. 1-5) and 4 parietal (no. 6-9) seed points from MI \ ME, resulting in a sum of 20 fiber tracks, and 8 frontal (no. 1-8) and 1 parietal Table 1 (no. 9) seed point from MI [ ME, resulting in 8 fiber tracks (Figs. 3, 4) .
Fiber tracts connecting shared frontal and parietal regions: superior longitudinal fascicle
The seed regions derived from the conjunction analysis were connected by a dorsal system, corresponding to the SLF. The majority of fiber tracks from ventral PMv run in lateral and ventral (SLF III) and medio-dorsal (SLFII) parts of the SLF toward parietal areas. Fiber tracks from dorsal PMv and PMd run within SLFII (Figs. 3A1, 4A ). Some connections emerging from the most rostral seeds 1 and 2 of the conjoint network (IFGpo and RO) additionally show sparse fibers running in a different ventral position through the extreme capsule (below threshold, data not shown), but A Fiber pathways connecting frontal and parietal seed regions derived from the shared cortical network of MI \ ME. B Fiber pathways connecting imagery-specific seed regions derived from the MI [ ME contrast. A1 and B1 show maximum intensity projections (MIPs) of the sagittal orientation (left rostral, right caudal) of all fronto-parietal fiber connections. A2 and B2 depict mean combined PIBI values of all related probability maps from A1
and B1: Fronto-parietal connections of the shared network are confined to the dorsal SLF fiber system (A1, A2). Imagery-related frontal and parietal network nodes show a distinct ventral connectivity profile (B1, B2). Color codes indicate the PIBI values (probability index forming part of the bundle of interest) within a given pathway volume. Abbreviations as indicated in Table 1 Exp Brain Res (2012) 219:203-216 209 the dorsally oriented SLF fibers system clearly is the main fiber pathway connecting parietal and premotor areas of the conjunction network (Fig. 3A2 ).
Imagery-specific fronto-parietal fiber network: a ventral pathway
We found a predominance of ventral fibers between frontoparietal areas specific for motor imagery (MI [ ME) (Fig. 3B2 ). Lateral PFC (DLPFC, VLPFC and IFGpt/po) appear to be connected entirely via the ventral route (Fig. 3B1 ). The fiber course shows considerable anatomical consistency across single tracks and converges into the subinsular white matter near the claustrum, assigned to the extreme and/or external capsule (EC/EmC, see Fig. 4B1-3) . Rostrally, the ventral pathway continues medially and dorsally of the uncinate fascicle toward ventral and dorsal parts of the PFC. The caudal part is located between parietal operculum and putamen, propagating in dorsal direction near the caudal horn of the lateral ventricle, and then intermingles with the SLF II before reaching the IPS (Fig. 3B2 ). Caudal and dorsal lateral seed regions (e.g., IFGpo and IFJ) show additional connections to IPS via the SLF II, and fibers emanating from pre-PMd show a clear predominance of SLF fibers. In this context, the inferior frontal gyrus appears as a crucial watershed, depending on whether fibers emanate from IFGpt (BA45) or IFGpo (BA44). Another border zone of large-scale connectivity seems to be located between BA9 and BA46, but the respective seed regions (IFJ and DLPFC) are rather distant from each other; thus, this observation remains speculative. Seed regions of the medial frontal areas (RCZ and pre-SMA) show sparse ventral fiber and strong dorsal connections via the cingulate bundle and/or the fronto-occipital fascicule (FOF) (Fig. 3B1 ).
Discussion
Overview: shared and segregated brain networks for imagined and executed movement Two anatomically distinct association fiber systems, a dorsal and a ventral route, connect functionally separable cortical network components of motor imagery and motor execution: the dorsal route, anatomically corresponding to SLF II and SLF III, connects frontal and parietal brain regions engaged by both conditions, representing core render image from corresponding angles. A1-2 and B1-2 apply MIPs, whereas A3 and B3 utilize coronar sections at the indicated position. SLF superior longitudinal fascicle, EC external capsule, EmC extreme capsule and others as indicated in Table 1 regions of the fronto-parietal cortical motor system. The new finding of this study is a ventral fiber route, anatomically converging in the EmC/EC, which connects imageryspecific prefrontal and parietal brain regions.
The shared dorsal fronto-parietal network
The cortical regions activated during either motor imagery (Decety et al. 1994; Jeannerod 1994; Stephan et al. 1995; Luft et al. 1998; Jeannerod and Frak 1999; Lotze et al. 1999; Binkofski et al. 2000; Gerardin et al. 2000; Johnson et al. 2002; Hanakawa et al. 2003; Kuhtz-Buschbeck et al. 2003) or motor execution (Stephan et al. 1995; Weiller et al. 1996; Rijntjes et al. 1999 , Toni et al. 2002 (Decety et al. 1994 , Stephan et al. 1995 , Jeannerod 1994 Gerardin et al. 2000; Johnson et al. 2002; Hanakawa et al. 2003) . This confirms that motor imagery is functionally embedded into sensorimotor brain networks. Accordingly, lesions in these areas may impair the ability of motor imagery (Sirigu et al. 1996) . They likely represent a cortical network involved in implicit motor planning and control processes: both MI and ME computationally involve programming of a motor plan and error monitoring during task execution. According to motor control theory, these steps imply the generation of predictive internal forward and inverse models that link motor intentions, motor commands and sensory effects (Wolpert et al. 1995; Wolpert and Miall 1996; Kawato 1999; Grush 2004; Shadmehr and Krakauer 2008) . These parietal and premotor areas form large-scale functional networks connected by association fibers (Wise et al. 1997; Fagg and Arbib 1998; Rizzolatti and Luppino 2001; Matelli and Luppino 2001) . Consistent with previous reports (Catani et al. 2002; Makris et al. 1997 Makris et al. , 2005 , our probabilistic fiber-tracking experiment revealed a predominance of fibers of the SLF between frontal and parietal motor areas. Connections between inferior parietal cortex (SMG) and ventral premotor cortex (PMv) showed the highest probability for SLF III, whereas the dorsal premotor cortex (PMd) is predominantly connected via SLF II. These results are also in compliance with evidence from lesion and tracer studies of different non-human primate species (Jones and Powell 1970; Petrides and Pandya 1984; Matelli et al. 1986 Matelli et al. , 1998 Tanné et al. 1995; Wise et al. 1997; Tanné-Gariépy et al. 2002; Rizzolatti and Matelli 2003; Schmahmann and Pandya 2006) and other animal and human diffusion-based tractography studies (Schmahmann and Pandya 2006; Makris et al. 1997; Mori et al. 1999; Croxson et al. 2005; Rushworth et al. 2006 ).
In summary, we suggest that MI and ME share a sensorimotor simulation/anticipation system for planning and predictive monitoring of actions, involving premotor and parietal areas, anatomically implemented via a dorsal fiber system of the SLF.
The imagery-specific ventral network
The left intraparietal sulcus (IPS) and prefrontal cortex showed significant additional, imagery-specific BOLD signals. These areas represent additional neural costs necessary to perform and perceive a movement in a purely mental manner, that is, disentangled from motor execution and in the absence of actual kinesthetic feedback. It was previously suggested that, on a computational level, this might be the result of an ''off-line'' emulation of kinesthetic body signals, established within sensory-motor circuits that are operated by control centers of the brain (Grush 2004) . In this context, MI conceptually includes the generation and maintenance of a consciously accessible mental kinesthetic image, computationally implemented by a shift between predicted and actual kinesthetic feedback toward the predicted state, enabling the conscious perception of a simulated, hence purely internal movement (Jeannerod 1994 (Jeannerod , 2001 Decety 2002; Grush 2004 ). An imagery-specific role of left IPS activation was reported previously (Naito et al. 2002) and might in fact relate to kinesthetic processing (Ehrsson et al. 2004 (Ehrsson et al. , 2005 Tsakiris et al. 2007 ). This IPS region is also involved in working memory maintenance and manipulation of kinesthetic information (Ricciardi et al. 2006; Champod and Petrides 2007, Fiehler et al. 2008) . Accordingly, lesions at this location were shown to evoke alterations of movement awareness due to an inability to maintain a consistent internal kinesthetic model (Sirigu et al. 1999) , resulting from failure to integrate the predicted and actual kinesthetic state (Frith et al. 2000) . Thus, we propose that stronger IPS activity during MI might relate to the neural implementation of shifting between predicted and actual kinesthetic sensation.
Cognitive control of this shifting process implies functional and structural connectivity with prefrontal cortex. The additional MI-specific prefrontal cortical activity might represent the neural implementation of top-down cognitive control over sensorimotor networks toward the conscious retrieval of emulated kinesthetic sensation. A similar network was described for visual imagery: topdown influences from prefrontal regions control higherorder visual areas (Mechelli et al. 2004) . We assume that the caudal part of the IPS might represent a similar target for top-down influences from prefrontal cortex in the context of motor imagery. Exp Brain Res (2012) 219:203-216 211 Connectivity between these prefrontal areas and IPS is established predominantly by ventral fibers of the EmC/EC fiber system. From DLPFC, VLPFC and the triangular portion of IFG, our fiber-tracking experiment revealed solely ventral connections toward IPS via the EC/EmC fiber system (Fig. 3B2) . IFGpo (BA44), the rostral part of PMd (prePMd) and the inferior frontal junction (IFJ) are characterized by both ventral and dorsal connections toward IPS via EC/EmC and SLF II. These areas are situated more caudally and dorsally compared to the former group and are touching the border between prefrontal and premotor cortices, which was previously found to delineate prefronto-dependent from parieto-dependent motor areas based on connectivity profiles (Rizzolatti and Luppino 2001) . In concordance with previous reports (Petrides and Pandya 1984 Schmahmann and Pandya 2006) , association fibers emanating from the latter areas revealed connections via the SLF system toward the IPS. However, in our study, these areas send fibers along both dorsal and ventral routes. We propose that methodological and technical issues contribute to this phenomenon. Sharp borders of connectivity changes may occur within circumscribed cortical regions. Because the DTI-tracking experiment was performed on individual data, but seed points were derived from fMRI group data, minor anatomical differences across individual subjects might have rendered seed point positioning slightly imprecise. Adding the low spatial resolution of the DTI method, equivocal results become possible in such transition zones. For example, it is known that IFGpo (BA44) and IFGpt (BA45) clearly differ in their fiber contributions to SLF and EmC pathway systems, as demonstrated by tracer studies in macaques (Petrides and Pandya 1984; Petrides 2005 ) and DTI-based parcellation studies of human BA44/45 that were validated against postmortem cytoarchitectonic data (Anwander et al. 2007 , Frey et al. 2008 . The seed points may not exactly comply with these borders, thus giving rise to dorsal and ventral pathways. Similar problems might account for the pathway signatures of IFJ, pre-PMd and pre-SMA (Klein et al. 2007 ). Together, our data reconfirm striking differences of pathway profiles for fibers emanating from BA44 and BA45 as well as for rostral and caudal parts of premotor cortex, as shown for non-human primates (Rizzolatti and Luppino 2001) .
Areas located in a more dorsal position near the midline of the brain (RCZ, preSMA) showed complex connectivity patterns toward IPS. For both RCZ and preSMA, the ventral EC/EmC pathway shows clearly the highest probability for connections with IPS. However, there are also weak but supra-threshold connections projecting onto the cingulate and Muratoff bundle. This is compliant with the result from a monkey tracer study demonstrating that rostral parts of the cingulate cortex give rise to caudally oriented association fibers that enter both the extreme capsule and the cingulate bundle (Schmahmann and Pandya 2006) .
Taken together, the imagery-specific network subcomponents in prefrontal cortex and IPS might be associated with cognitive control and conscious access of emulated sensorimotor states within the posterior parietal cortex and can be characterized by a strong ventral connection bias along fibers converging within the EmC/EC association fiber system, which clearly separates this network subcomponent from the dorsal sensorimotor network.
However, non-human primate studies that used direct tracer techniques to determine prefrontal connectivity suggested that DLPFC is connected mainly via the SLF fiber system with parietal cortex, whereas rostral and ventral PFC connect via EC/EmC and uncinate fascicle mainly toward temporal and insular areas. Parietal fiber contributions to EmC were found to terminate primarily in insulate cortex (Pandya and Kuypers 1969; Jones and Powell 1970; Petrides and Pandya 1984; Schmahmann and Pandya 2006; Roberts et al. 2007) . While these data support the notion of a ventral pattern of connectivity of the VLPFC and IFGpt via the EmC, it cannot substantiate a direct prefronto-parietal connection as suggested by our and others DTI data (Catani et al. 2002; Wakana et al. 2004; Makris and Pandya 2009; Umarova et al. 2010) . We cannot rule out that methodological differences and shortcomings contribute to the partially divergent results of human DTI and animal tracer studies. However, we also think that potential interspecies differences in pathway architecture should not be precluded in principle. It is generally accepted that prefrontal and parietal association cortices reach the highest level of organization in humans, accompanied by fundamental differences in both cortex and white matter volume and organization (Schoenemann et al. 2005; Rushworth et al. 2006) . Interspecies consistency might generally serve as valuable proof for the validity of human DTI tractography results, but merely adhering to comparative inference from animal data to value results from human DTI might potentially neglect unique characteristics of human brain architecture. Human dissection studies (Burdach 1822; Onufrowicz 1887; Dejerine 1895; Trolard 1906; Curran 1909; Ludwig and Klingler 1956; Kier et al. 2004 ) as well as postmortem myelin staining studies (Bürgel et al. 2006 ) support the existence of long-range connections of lateral prefrontal cortex via the extreme and ventral external capsule toward posterior temporal and parietal cortex, commonly denominated as the inferior fronto-occipital fascicule (IFOF). By using the stem of our ventral pathway as seed for conventional stream-line DTI (Mori et al. 2002) , topographical comparison revealed that our ventral pathway most likely map onto dorsal and medial parts of the so-called IFOF (Catani et al. 2002; Wakana et al. 2004 ) and its parietal fiber fraction (data not shown).
The mismatch between the spatial resolution of current DTI methods and the size of axonal structures must also be taken into account. Unless methodological advances would allow in vivo fiber tracing of single axons in humans, inferences from DTI data should be treated with caution. However, diffusion tensor imaging is currently the most advanced method to investigate structural connectivity in the brain non-invasively and was previously shown useful to gain new insights into human white matter architecture. Since DTI does not have the resolution to visualize axonal terminations, we generally cannot rule out a polysynaptic nature of the ventral pathway that might join in insula cortex or the claustrum itself. Similarly, we cannot preclude that the ventral connection might be composed of different main fiber tracts. However, the fact that our probabilistic DTI approach (designed to extract the most probable connection between two cortical areas) showed no evidence for a dorsal connection profile between imagery-specific parietal and prefrontal areas provides a decisive argument for a ventral prefronto-parietal brain system, even if it might be of mono-or polysynaptic architecture (Weiller et al. 2011) , and might encompass fibers running through fiber bundles that were labeled separately in the past.
The dual loop system: an anatomical basis for cognitive motor processing
In summary, we show that cortical network differences between motor imagery and execution translate into segregated fiber pathway systems: shared premotor and parietal areas, involved in implicit planning and control based on predictive processing, connect via the dorsal SLF system. Prefrontal and posterior parietal areas specific for motor imagery interact via fibers converging into the EC/ EmC. This ventral pathway is currently not recognized in the context of motor imagery or other instances of cognitive motor processing. It may enable explicit cognitive control of the dorsal system, consistent with an emulative nature of mental motor imagery (Grush 2004; Moulton and Kosslyn 2009) .
A clear-cut dichotomy of fiber systems that connects the posterior parietal brain with the frontal brain into dorsal and ventral compounds surely does not represent the way the brain works during everyday actions, where both dorsal and ventral systems will continuously act in concert (Weiller et al. 2011) . However, the dialectic concept of a ventral ''semantic'' and a dorsal ''pragmatic'' pathway for action (Jeannerod 1994) could provide a basis for modern disconnectional approaches and a testable anatomical framework for symptom-lesion studies regarding disturbances of higher-order motor functions, like apraxia.
The distinction of two nested systems for motor cognition and control is in accordance with ideas concerning the interplay between cognitive control, perception and action. Higher-level prefrontal and lower-level sensorimotor systems interact within a hierarchical system for flexible, context-adaptive and goal-directed behavior (Miller and Cohen 2001; Koechlin et al. 2003; Sweeney et al. 2007 ). According to the global workspace theory of cognitive control (Dehaene et al. 1998) , the dorsal system would represent the level of specialized processing networks that do not require cognitive coordination during effortless, automatic processing. The ventral system, in turn, would relate to the global workspace as a distributed neuronal population that interconnects with processing networks via long-range connections, neurally represented in lateral PFC and the PPC (Dehaene et al. 1998; Duncan and Owen 2000) .
Similar dorsal and ventral fiber systems were recently obtained in humans in the context of language pathways (Frey et al. 2008) and associated with functional aspects of language processing Makris and Pandya 2009) , as well as in neglect (Urbanski et al. 2008 ) and visuospatial attention networks (Umarova et al. 2010 ). Thus, the ventral pathway seems involved in a variety of cognitive functions in both hemispheres, pointing toward a common, domain-independent functional significance (Weiller et al. 2011) . This dual loop model proposes that the dorsal system, connecting the upper temporal lobe and parietal cortex with premotor cortices, serves to analyze sequences of segments independent from the modality, enabling fast adaptive on-line integration between sensory information and internal simulations based on forward and inverse models. In the motor context, spatial transformation as well as sensorimotor integration may be examples of such adaptations (Rauschecker and Scott 2009; Weiller et al. 2011 ). The ventral route was supposed to identify structural relations between dorsally processed segments independent of the modality and time of occurrence of each element. Processing along the ventral stream thus would be optimized to test possible combinations in order to extract meaning (Weiller et al. 2011) .
Embodied approaches to cognition also relate to the concept of predictive and simulative sensorimotor processing, computationally formalized in control-theoretic models (Wolpert and Miall 1996; Wolpert and Ghahramani 2000; Desmurget and Grafton 2000; Frith et al. 2000; Wolpert et al. 2003; Grush 2004; Lakoff and Gallese 2005; Shadmehr and Krakauer 2008) These models again describe predictive feed forward and feedback mechanisms that use input-output functions based on prelearned sensorimotor associations as common computational principle, binding perceptive states and goals to potential actions (inverse models) and motor plans to potential action effects (forward models). We suppose these mechanisms represent a common operational principle of the dorsal system. Motor cognition, as MI, might therefore emerge from ''offline'' simulations within sensorimotor networks that normally serve implicit ''on-line'' motor planning and control, grounding higher-order cognitive processes in simulated interactions with the environment (Hesslow 2002; Pezzulo and Castelfranchi 2009) . Such processes are thought to support a variety of cognitive functions like action understanding, social cognition, concept building, and even reasoning and thinking (Jeannerod 2001; Hesslow 2002; Wolpert et al. 2003; Grush 2004; Barsalou 2008; Pezzulo and Castelfranchi 2009) . Within this framework, we suppose that the ventral system supports cognitive control and conscious retrieval of off-line simulations situated in the dorsal system. The dorsal network, however, works automatically and implicitly, as these processing steps are usually not consciously accessible (Sirigu et al. 2004) . Awareness is reached only when a mismatch between predicted and actual states exceeds a certain level (Slachevsky et al. 2001) , when the planning of a complex or novel movement requires supervisory attention (Shallice and Burgess 1996) -or when conscious access is voluntarily enforced, as in motor imagery.
